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INTRODUCTION 

The u s e  of molten z inc  ch lor ide  a s  a c a t a l  st for hydrocracking of polynuclear 
hydrocarbons has been previously described.('t 'f The s u p e r i o r i t y  of z i n c  chlor ide over 
conventional hydrocracking c a t a l y s t s  was shown f o r  pyrene, coal ,  and c o a l  e x t r a c t .  
' R e s u l t s  i n  batch autoclaves showed t h a t  z inc  ch lor ide  gave more rap id  reac t ion ,  more 
complete conversion t o  gasoline-range naphtha, and a very high octane number without 
reforming. The high octane number i s  due pr imari ly  t o  t h e  a b i l i t y  of t h e  L e w i s  acid,  
z i n c  chlor ide,  t o  maintain a c i d  c a t a l y s i s  i n  t h e  presence of considerable  amounts of 
n i t rogen  i n  the feed, -- thus  giving a high percentage of branched-chain hydrocarbons 
with high Octane numbers. 

Since t h e  previous r e p o r t s ,  a continuous z i n c  ch lor ide  hydrocracker has been b u i l t  I: 
and operated, confirming the  batch work, and a l s o  providing e f f l u e n t  c a t a l y s t  f o r  re- 
generat ion s tudies ,  as w e l l  a s  information on cor ros ion .  A continuous c a t a l y s t  regener- 
p t i o n  u n i t  w a s  a l s o  operated, and w i l l  be described i n  t h e  fol lowing 'paper .  A complete 
r e p o r t  on a l l  of the  work  is a v a i l a b l e  from t h e  U .  S. Off ice  of Coal Research.( 3, 

The purpose of t h i s  paper i s  to repor t  r a t e  da ta  on t h e  hydrocracking of e x t r a c t  
,with z inc  ch lor ide  v i a  a c o r r e l a t i o n  which p r e d i c t s  conversion of e x t r a c t  i n  both batch 
and continuous u n i t s .  

I 
EXPERIMENTAL 

'Feedstock 

The feedstock used f o r  a l l  of t h e  work described here  w a s  a coa l  e x t r a c t  prepared 
by continuous e x t r a c t i o n  of P i t t sburgh  Seam coal ,  I re land  Mine,using t e t r a l i n  solvent  
a t  750°F with a res idence t i m e  of 40 minutes. Unextracted coa l  and mineral mat ter  
'were removed by f i l t r a t i o n  a t  646°F. 
and ash-free coal  (MAF c o a l ) .  

The f i n a l  e x t r a c t  represents  81% of t h e  moisture- 
P r o p e r t i e s  are given i n  Table  I .  

A measure of t h e  a s p h a l t i c  na ture  of e x t r a c t  is given by solvent  f rac t iona t ion . .  
:'Benzene-insolubles" is t h e  f r a c t i o n  of e x t r a c t  inso luble  i n  benzene a t  i t s  atmos- 
,pheric  bo i l ing  p o i n t .  
i n  cyclohexane, determined by mixing one p a r t  of benzene-soluble e x t r a c t  with nine 
' p a r t s  of benzene and 100 p a r t s  of cyclohexane, by weight, and f i l t e r i n g  a t  room 
:temperature.  

"Asphaltenes" is t h e  f r a c t i o n  soluble  i n  benzene, but inso luble  

The f r a c t i o n  s o l u b l e  i n  t h i s  mixture is termed "oi l ."  

The z i n c  ch lor ide  used was F isher  S c i e n t i f i c  Co. c e r t i f i e d  reagent ,  96 t o  98% pure, 
d r i e d  before  used i n  a vacuum a t  110°C. 
w t  5 water and 1 t o  1.8 w t  $ z i n c  oxide.  
t h e  remaining water w a s  removed by melt ing the s a l t  under f u l l  pump vacuum. 

After  t h i s  t reatment ,  it contained 1 t o  1 .5  
Before feeding t h i s  t o  t h e  continuous u n i t .  

For a number of tests, z inc  oxide w a s  added t o  t h e  z inc  ch lor ide  t o  br ing t h e  
to ta l  z i n c  oxide up t o  t h a t  requi red  f o r  s to ich iometr ic  r e a c t i o n  with HC1 l i b e r a t e d  by 
s u l f u r  i n  t h e  e x t r a c t  r e a c t i n g  with z i n c  ch lor ide  (4.65 wt' % of the  c a t a l y s t ) .  
oxide used was Baker and Adamson c e r t i f i e d  reagent; the l o t s  used were 99.0 t o  99.5% pure. 

The z inc  
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Equipment 

The basic  u n i t  f o r  t h e  batch hydrocracking tests was a 3 0 0 - m l  rocking autoclave 
(American Instrument Company, Catalog NO. 40-2150). 
36 cyclesfrnin about t h e  a x i s  was rev ised  t o  give 86 cycles/min through an angle of 30° 
on t h e  end of a 12-inch l e v e r  ann. The equipment and procedures have been described 

The normal rdcking motion of 

' previously.  1) 

The continuous hydrocracking u n i t  flow sheet  is given i n  Figure 1. The reactor  
i s  a "s t i r red- tank" r e a c t o r ,  to  which e x t r a c t ,  c a t a l y s t ,  and hydrogen are f e d  separately 
Constant inventory i n  t h e  r e a c t o r  i s  maintained by a pressure-drop c o n t r o l l e r  operating 
on a valve i n  t h e  "spent" c a t a l y s t  withdrawal l i n e .  The reactor i s  3 inches i n  diameter 
and conta ins  a l i q u i d  inventory of 400 t o  600 grams. 
analyzed, and t h e  r e s u l t s  consol idated.  Elemental balances w e r e  then made and the z i x  
balance forced by a d j u s t i n g  t h e  res idue  c o l l e c t e d .  This  .avoided e r r o r s  due t o  d i f f e r  
ing bed l e v e l s  a t  beginning and end of t h e  balance per iod.  The carbon balance w a s  then  
forced  by ad jus t ing  t h e  amount of e x t r a c t  f e d  (uncer ta in ty  e x i s t e d  as t o  t h e  density i n  
t h e  feed  pump). 
unaccounted-for products t o  be NH3, H 2 0 ,  and H,S, respec t ive ly ,  which have reacted with 
t h e  c a t a l y s t .  Chlor ine w a s  forced by assuming t h e  unaccounted-for ch lor ine  was present  
i n  the catalyst  .as t h e  double Sal t  ZnCl2.NH4C1. The hydrogen consumption was then 
obtained by d i f fe rence  between t h e  hydrogen i n  t h e  products  and t h a t  i n  t h e  feedstock /I 
(exclusive of H, g a s ) .  A f t e r  f o r c i n g  a l l  elemental balances, t h e  o v e r a l l  material 
balance a lso closes ,  and t h e  conversions reported i n  Table I V  are reported on t h i s  
b a s i s .  

A l l  products w e r e  co l lec ted ,  

The ni t rogen,  oxygen, and s u l f u r  balances w e r e  forced by assuming t h e  1 

I 
Conversion, as used here ,  is t h e  conversion of e x t r a c t  t o  products bo i l ing  below 

40O0C (752OF) a t  normal atmospheric pressure .  
centage of +40O0C res idue  from lm. 
involved, t h e  4Oo-C c u t  p o i n t  i n  a d i s t i l l a t i o n  is defined as 240°C i n  t h e  pot  of a 
s imple f l a s k  when t h e  pressure  i s  1 torr. 

It  is c a l c u l a t e d  by subt rac t ing  t h e  p e r .  
Because of t h e  h e a t - s e n s i t i v i t y  of t h e  mater ia ls  

DISCUSSION OF RESULTS 

Resul ts  i n  t h e  cont inuous u n i t  genera l ly  confirmed previous batch r e s u l t s ,  show- 
ing higher  conversion a t  lower l e v e l s  of s i n c  oxide. 
r e s u l t  - more rap id  r e a c t i o n  a t  higher  temperatures, but  a t  temperatures above 750"F, 
t h e  maximum l i q u i d  y i e l d  decreases .  S t r a i g h t  run  gasol ines  from zinc ch lor ide  hydro- 
cracking show Research Octane Numbers (clear) of 87 t o  91  and a h igh  s e n s i t i v i t y  t o  
lead .  
reformed, t h e  product would be 85 t o  !30$ aromatics, s u i t a b l e  f o r  a high-octane blending 
s tock  f o r  gaso l ines  or as a source of benzene v i a  hydrodealkylation. 

Kinet ic  Model 

Temperature has  t h e  expected 

With 3 m l  of t e t r a e t h y l l e a d  p e r  gal lon,  t h e  RON values  rise t o  99 t o  101. I f  

The basic  model used t o  c o r r e l a t e  hydrocracking r e s u l t s  assumes t h a t  e x t r a c t  is  
composed of many d i f f e r e n t  compounds, each hydrocracking independently a t  a d i f f e r e n t  
rate t h a t  can be expressed as a f i r s t - o r d e r  reac t ion .  The s i t u a t i o n  has been grea t ly  
si=p?=lif i e d  by ossuniq oolg t h r c e  spec ies  present :  an  unconvert ible  f r a c t i o n ,  a t 

I f r a c t i o n  which conver t s  rap id ly ,  and a f r a c t i o n  which converts  r e l a t i v e l y  s l o w l y .  
For  simultaneous independent reac t ions  i n  a batch u n i t ,  

(1) 
-k,t -k2t 

Ce-C = N,Ce e + (1-N,)Ce e 

where "Ce-C" is the c o n v e r t i b l e  mater ia l  remaining a t  t i m e  "t", and " N i t  is the f r a c t i o )  
of t h e  conver t ib le  material which r e a c t s  v i a  t h e  f a s t  reac t ion .  A t a b l e  of nomenclaturl 
is given a t  t h e  end of t h e  t e x t .  
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For a single perfectly-mixed, continuous r e a c t o r ,  t h e  p r o b a b i l i t y  t h a t  a micro- 
scopic  drop of l i q u i d  w i l l  have a . res idence t i m e  i n  t h e  reac tor  between t and t 

i s  - e  d t  . 1 -t /7  
r 
where 7 = res idence  t i m e  i n  t h e  continuous u n i t .  

The average f r a c t i o n  of e x t r a c t  unconverted then would be 

ce-c 1 

C e  T 
- -  

where (y) i s  t h e  f r a c t i o n  unconverted a t  t h e  t i m e  "t" as determined 

batch d a t a .  S u b s t i t u t i n g  from Equation 1 f o r  (F) , g i v e s  t h e  following: 
B 

B 

t d t  

from 

Evaluation of Constants 

The data  a v a i l a b l e  c o n s i s t  of 38 runs i n  t h e  batch autoclave and 14 runs i n  t h e  
continuous u n i t ,  covering t h e  following ranges: 

, Continuous 
Batch U n i t  U n i t  

Temperature, "F 
P a r t i a l  Pressure of H a ,  p s i g  
Residence Time, minutes  
Cata lys t /Ext rac t  Weight Rat io  
ZnO/ZnCl, Mole Ratio 
Conversion, W t  % of Extract  

700-775 700-800 
1500-3500 2730-3300 

15-360 22.8-192.6 
1 .o 0.9-1.3 

0 -013-0 -0765 0.01-0.08 
41-92 62-89 

The more ex tens ive  batch d a t a  have been used t o  determine cons tan ts  i n  t h e  k i n e t i c  
equat ions wherever appl icable .  However, because of the uncer ta in ty  i n  l o w  residence 
t i m e s  inherent  i n  batch runs (i.e.,  some conversion t a k e s  p lace  as t h e  r e a c t i o n  tempera- 
t u r e  is approached), t h e  continuous u n i t  da ta  have been used to  determine t h e  r a t e  
constant  f o r  t h e  f a s t  r e a c t i o n .  

I t  is assumed t h a t  a c e r t a i n  f r a c t i o n  of t h e  e x t r a c t  f e d  i s  not  conver t ib le  under 
t h e  condi t ions of temperature, pressure,  and c a t a l y s t  composition used, even a t  in- 
f i n i t e  res idence t i m e ,  a l though t h e  amount may vary with opera t ing  condi t ions .  The 
e x t e n t  of poss ib le  conversion, Ce, has been determined by p l o t t i n g  conversion versus 
residence t i m e  f o r  each set of condi t ions (ba tch  d a t a ) .  Tangents drawn to  each curve 
y i e l d  t h e  slope,  or r a t e  of reac t ion ,  dC/dt. These instantaneous rates were then plot-  
t e d  versus conversion y ie ld ing  r e s u l t s  such as  shown i n  Figure 2.  The s t r a i g h t  l i nes  
obtained confirm t h e  f a c t  t h a t  t h e  data  can be represented as  f i r s t  order  reac t ions  and 
when ex t rapola ted  t o  z e r o  rate of conversion y i e l d  Ce. 
are l i s t e d  i n  Table I1 as "Observed C i '  . I t  can be seen t h a t  v a r i a b l e s  of temperature, 
hydrogen pressure  and ZnO/ZnCl, ra t io  a l l  a f f e c t  t h e  value of C e  obtained.  The value 
of C, is independent of whether batch or continuous da ta  are involved, s ince  they are 
equal  a t  i n f i n i t e  res idence t i m e .  

The values  of Ce so obtained 
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In order t o  estimate Ce for conditions o the r  than those a t  which rims were made, 

empir ica l  equations have been developed. 
p a r t i a l  p ressure  range of 2500 t o  3500 psig: 

The f i r s t  equation appl ies  over t h e  hydrogen 

10 (0.08 - x) (JI - 2500) + 

(750 - T) + 

600 25 c e = 9 0 +  

where p = '  p a r t i a l  p ressure  of hydrogen, ps ig .  
T '  = temperature,  OF. 

' x  = mole ratio of ZnO/ZnC1,. 

For t he  pressure  range, p = 1500 t o  2500: 

(25oO-p) ce = 90 - + 10 (0.08 - x)  200 .+ 

(3) 

(4 )  

I 

The ca lcu la t ed  values of Ce f o r  t h e  batch runs are a l s o  l i s t e d  i n  Table 11, and 
compare w e l l  with the  observed va lues .  
conversions f o r  both ba tch  and continuous runs. The equations i l l u s t r a t e  t h e  f ac t s  
t h a t  Ce increases  a t  low l e v e l s  of ZnO, a t  higher pressures ,  and a t  lower temperatures 
(wi th in  the  7 0 0  to 800'F range) .  

Equations 3 and 4 w e r e  used i n  ca lcu la t ing  

A t  long res idence  t i m e s  where the  f a s t  r e a c t i o n  is s u b s t a n t i a l l y  complete, and wha 
N, is constant,  Equation 1 shows t h a t  a p l o t  of log (Ce-C) versus residence time should 
be a s t r a i g h t  l i n e :  

log (Ce-C) = l og  (1-N,)  Ce - k 2 t .  f 

The slope of such a l i n e  is k2 and t h e  i n t e r c e p t  on t h e  o rd ina te  is log  [(l-Nl)Ce]/ 
This provides a technique f o r  determining k, and N,. F igure  3 is a representa t ive  p l o t  
of t h i s  type. Again, w e  see t h e  confirmation of s t r a i g h t  l i n e s  i f  w e  ignore runs a t  IC 
res idence  times where tne  f a s t  r e a c t i o n  is incomplete. 

The values of k, and N, from p l o t s  l i k e  Figure 3 are l i s t e d  in Table 11. It can 
be seen  t h a t  67 to  81% of t h e  conver t ib le  e x t r a c t  r e a c t s  v i a  t he  f a s t  r eac t ion  (N,). 
s impl i fy  f u r t h e r  c a l c u l a t i o n s ,  a constant value of N, = 0.75 has been taken a s  repre- 
s e n t a t i v e  of a l l  cond i t ions .  

T 

The r eac t ion  rate cons tan t s  f o r  the slow reac t ion ,  k,, have been p l o t t e d  f o r  t h e  
hydrogen pressure  l e v e l  of 2500 p s i g  as an  Arrhenius p l o t  i n  F igure  4. 
of ZnO to ZnC1, is an important parameter, only two poin ts  are ava i l ab le  a t  a s ing le  
condi t ion .  A l i n e  w a s  drawn through these  po in t s  and l i n e s  a t  o the r  ZnO/ZnCl, r a t i o s  
drawn p a r a l l e l  t o  i t .  
continuous un i t  da t a .  Based on t h e  r e l a t i v e l y  mild e f f e c t  of pressure  on k, shown i n  
Table 11, the  values i n  F igu re  4 have been used for es t imat ing  conversions at a l l  
pressures .  

Because the rat 

A l i n e  a t  ZnO/ZnCl, = 0.02 w a s  i n t e rpo la t ed  f o r  f u t u r e  use with 

The remaining cons tan t  i n  Equations 1 and 2 is k,, t he  r eac t ion  r a t e  constant f o r  
t h e  f a s t  reac t ion .  
t h e  da t a  from one run a t  each  condi t ion  and so lv ing  f o r  k, i n  Equation 2. 
Eece ce lc s l a t ed  f r m  Zquotions 3 o r  4, those  f o r  k, w e r e  t aken  from Figure 4, and N, 
w a s  takeh a s  0.75. 
to  c a l c u l a t e  k l ,  s i n c e  it would be most r ep resen ta t ive  of t h e  f a s t  r eac t ion .  

This has been determined from t h e  continuous u n i t  da t a  b y  using 
Values of c, 

i Generally,  t h e  run with  t h e  lowest conversion i n  each set was used 

The values of k, ob ta ined  are l i s t e d  i n  Table I V  a long  with o t h e r  information On 
t he  continuous runs. 
s t r a i g h t  l i n e  and i n d i c a t i n g  an  a c t i v a t i o n  energy f o r  t h e  f a s t  r eac t ion  of 35 kcal/g 
mole. 
i n  c o n t r a s t  t o  those  f o r  k2. 
t he  continuous data, t h e  e f f e c t  of hydrogen pressure,  i f  anx, on k, could not be 
determined. 

An Arrhenius p l o t  of k, is given in Figure  5, showing the desired 
4 

Since the rewe of hydrogen p res su res  w a s  q u i t e  narrow ia 
It  W i l l  be noted t h a t  t h e  values of k, are independent of t h e  ZnO/ZnCl, r a t io ,  
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The energy of a c t i v a t i o n  of 35 kcal/g mole i n d i c a t e s  t h a t  t h e  rate-determining 
Step involves a chemical r e a c t i o n  r a t h e r  than  being l imi ted  by a c c e s s i b i l i t y  of hydrogen 
i n  t h e  bulk l i q u i d  or through a boundary f i lm .  
Weller(') f o r  hydrogenation of asphal tenes  from c o a l  with t i n  c a t a l y s t .  
a f i r s t - o r d e r  reac t ion .  

CornParison of Calcu la ted  and Observed Conversions 

I t  coincides  with t h e  value found by 
This  a l so  was 

The values of Ce, N1, k, and k, a s  determined above were used i n  Equation 1 t o  
p r e d i c t  t h e  conversion f o r  each run i n  t h e  batch u n i t .  Table I11 compares these calcu- 
l a t e d  conversions with those a c t u a l l y  observed. The " f i t "  is q u i t e  good, p a r t i c u l a r l y  
a t  high conversion l eve l s .  The poorest  fit  occurs a t  l o w  conversions and low hydrogen 
Pressures .  This suggests  t h a t  t h e  r e a c t i o n  r a t e  constant  f o r  t h e  f a s t  reac t ion ,  k l ,  
a c t u a l l y  i s  a func t ion  of pressure,  although t h e  d a t a  do not permit t h i s  r e l a t i o n s h i p  
t o  be properly defined. 

S imi la r  c a l c u l a t i o n s  for d a t a  from t h e  continuous u n i t  v*a Equation 2 are shown i n  
Table IV. 
experimental  da ta  and c a l c u l a t e d  curves for 3OOO psia of hydrogen a r e  shown i n  Figure 6.  
The " f i t "  is q u i t e  good except for a f e w  of t h e  775OF p o i n t s  a t  0.07 t o  0.08 mole r a t i o  
zno/znC12, which show 2 t o  6s higher  conversions than  predic ted  

Again, t h e  observed and predic ted  conversions show good agreement. The 

CONCLUSIONS 
r 

The k i n e t i c  model which assumes t h a t  t h e  hydrocracking of Coal e x t r a c t  with z i n c  
ch lor ide  c a t a l y s t  can be represented by two or more simultaneous f i r s t - o r d e r  reac t ions  
has been shown t o  represent  both batch and continuous unit da t a .  An average of 75% of 
the  e x t r a c t  converts  v i a  a f a s t  r e a c t i o n  with an a c t i v a t i o n  energy of 35 kcal/g mole. 
The r e a c t i o n  rate cons tan t  f o r  t h i s  r e a c t i o n  is a f f e c t e d  somewhat by hydrogen pressure,  
but is independent of t h e  r a t i o  of ZnO t o  ZnC1,. 
react ion,  which may be lower by a factor up t o  40 t i m e s ,  is independent of hydrogen 
pressure (1500-3500 p s i g ) ,  but a s t rong  func t ion  of how much %no is present .  

The rate constant  f o r  t h e  slow 

The a s s i s t a n c e  of t he  U. S .  Off ice  of C o a l  Research i n  sponsoring t h i s  work is 
g r a t e f u l l y  acknowledged. 
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addi t ion  t o  the  authors  were involved i n  the  experimental  work f o r  t h i s  paper.  
Especial ly  noteworthy w e r e  t h e  cont r ibu t ions  of C .  P. Costanza, J. 1. Evans, and 
J. M. Pazzo. 

NOMENCLATURE 

conversion of e x t r a c t  t o  -4OOOC products,  w t  $ of b¶AF e x t r a c t .  
conversion a t  which the  rate of conversion becanes zero. 
reac t ion  rate constant  f o r  e x t r a c t  conversion v i a  t h e . f a 6 t  reac t ion ,  min.-' 
reac t ion  rate cons tan t  f o r  e x t r a c t  conversion v i a  t h e  slow reac t ion ,  min.-' 
f r a c t i o n  of Ce which occurs v i a  t he  f a s t  reac t ion .  
p a r t i a l  p ressure  of hydrogen, ps ig .  
temperature. 
residence t i m e  i n  a batch or plug flow reac tor ,  min. 
z110/zd1, m o l e  r a t i o  i n  t h e  c a t a l y s t .  
Average res idence  t i m e  i n  t he  continuous reactor, = weight of l i q u i d  phase 
in t h e  reactor divided by t h e  weight rate of l i q u i d  product/min. 
is  the  "natural"  l i q u i d  e x i s t i n g  a t  r e a c t o r  condi t ions,  i.e., c a t a l y s t  p l u s  
unvaporized o i l .  

The l i q u i d  
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1 
TABLE I I 

1 Proper t ies  of Coal and Extract  Used 

Temp., 
OF 

7 0 0  
iW 
7 50 
750 
750 
750 
775 
775 

V o l a t i l e  Matter 
Fixed Carbon 
FeS 
FeS, 
Other Ash 

I re land  . Coal 
Mine Coal Ext rac t  

MF B a s i s  

40.32 
46.66 
0.08 
4.19 

10.15 

MAF Basis  

Hydrogen 5.73 6.03 
Carbon 81.90 84 -65 
Nitrogen 1.58 1.53 
Oxygen (by d i f f  .) 8.61 6.14 
S u l f u r  2.18 1.65 

Solvent F r a c t i o n s  
Benzene-insolubles 
Asphaltenes 
O i  1 

TABLE I1 

33 
47 
20 

Values  of Ce, N, and k, Determined from Batch Runs 

ZnO/ZnC1 , 
Mole Ratio 

0.013 
0.013 
0.03 
0.03 
0.0765 
0.0765 
0.0765 
0.0765 

H, P a r t i a l  
Pressure ,  

1500 
2500 
2500 
3500 
1500 
2500 
2 500 
3500 

DSiR 
Ce,  W t  4 of Extract 

Observed(') Calculated(  2 ,  

87 

9 1  
92 
85 
90 
88 

92 

(90) 

87.7 
92.7 
90.5 
92.1 
85.0 
90 .o 
89 .O 
89.6 

(1) 

( 2 )  

( 3 )  

( 4 )  

1ntercept.s on Figl-lre 2 aod similar p l o t s .  
Calculated from Equations 3 and 4 .  

Determined from i n t e r c e p t s  on Figure 3 and sirnil'ar p l o t s .  
From the s lopes  of  Figure 3 and s i m i l a r  p l o t s .  

N1(3)  

0.670 
0.712 
0.736 
0.740 

. 0.750 
0.773 
0.810 
0.788 

I; 

\ 

1 
k2 , ( 4  1 
min.-' 

0.0058 
0.0048 { 

0.030 
0.0062 . 

0.0063 
0.021 

0.020 ' 
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T&P. , ino/znci, 
OF Mole Ratio 

TABLE I11 

Calculated and Observed Conversions for Batch Runs 

Residence 
Time, ( ) 

min 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

15 
60 

120 
180 

15 
60 

120 
180 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

15 
60 

120 
180 
360 

- -  

- -  

- -  

- -  

- -  

- -  

- -  

( 1 )  From Figure 5 .  

( a )  
(3) Calculated from Equation 1. 

Residence time at r eac t ion  temperature.  

Conversion 
W t  % of Extract  

Observed Calculated( 3, 

41.2 
61.2 
71 .O 
76.6 
82.6 

49.1 
70.6 
78.8 
83.4 
89 .O 

73.0 
82.6 
88.7 
90.3 

78.6 
87.1 
91.6 
92.1. 

52 .O 
68.8 
74.9 
80.0 
83.4 

58.1 
76.7 
80.5 
83.8 
88.3 

71.3 
81.9 
86.4 
87.6 
87.7 

71.7 
80.4 
83.5 
86.5 
89.9 

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  

46.8 
71 .O 
76.1 
79.3 
84.3 

49.5 
73.6 
80.5 
83.9 
89.2 

72.3 
84.3 
88.9 
90.4 

73.1 
85.1 
89.9 
91.4 

64 .O 
70.5 
74.9 
78.1 
82.8 

67.8 
74 -6 
79.3 
82.7 
87.7 

71.9 
80.2 
86.2 
87.5 
88 .O 

73.5 
82.6 
87.2 
89.5 
90 .o 

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  

- - -  
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TABLE .IV 
Calcu la t ion  of Rate Constants and Comparison of 

Experimental and Calculated Conversions i n  Continuous Unit 

Residence 
Temp. , ZnO/ZnC12 , H2 Pressu re  Time, Ce( 

OF Mole Ra t io  DS i p  min 

0.07 
0.07 
0.09 
0.08 
0 .08 

0.08 

I 
1 

0.02 

0.08 

0.02 

0.02 

3040 
3OOo . .  
28 60 
2860 
3100 

3300 
3090 
3040 

31 90 
3150 
3040 

2815 

2730 

3210 

46.7 89.5 
95 .O 
96.8 

101 .o 
102.6 90.0 

22.8 91 .o 
51.2 

105 .O 

I 
1 

I# 
1 

24 - 3  92 .O 
26.6 

102 .o 
102 .o 88.5 

111 -7 90.0 

80.5 93.0 

Calculated v i a  Equation 3. 
From Figure 4. 
Calculated v i a  Equation 2 using N, = 0.75.  
Experimental-point used t o  c a l c u l a t e  k, . 

kz(') k,(3) 
min.-' min.-' 

0.021 0.43 

I 1 I 
0.0063 , 0.24 

5 I. 
0.070 0.72 

0.16 0.43 

0.003 0.018 

Conversion 
W t  $ of Extract 

Observed Calculated 

75.0(4) 75.0 
83.1 80.5 
82 '0 80.5 
85 .O 80.7 
87.1 81.4 

61.7 60.7 
68.8(4) 68.6 
74.1 74.6 

71.7(4) 71.7 
72.2 72 .O 
84 .O 87.9 

86.6 85 .O 

88.5 87.5 

64.3(') 64.3 



J 



204. 

n 
0, P 0 

OD 0 n 
0, m 

13VUlX3  JO % TM 'NOISUWN03 



205. 

.' 

\ 

1 

2 

I 

1 
I 

I 

! 

1 

', 
\ 

h 

.) 

w 

; U 
a 
a 

I- 

w 

E 

I/ 
\ 



206. 

Figure 6 

VARIATIOFL' OF CONVERSION WITH RESIDENCE - 

90 

80 

70 

60 

50 

30 

TEMP. pH2 ZnO/ZnCI; 
O F  psia MOLE RAT1 -- 

0 7 5 0  3C0-3lW 0.02 
Q 750 3cxx)-3300 0.08 
a 775 2830-3100 0.07-0.03 
A 775 2700 0.02 

- __ 

EXPERIMENTAL POINTS 

_ _  
0 30 60 90 I20 I50 

RESIDENCE TIME, MINUTES 


